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ABSTRACT Adaptation of Staphylococcus aureus to host microenvironments during
chronic infection involves spontaneous mutations, yet changes underlying adaptive
phenotypes remain incompletely explored. Here, we employed artificial selection
and whole-genome sequencing to better characterize spontaneous chromosomal
mutations that alter two pathogenicity phenotypes relevant to chronic infection in S.
aureus: intracellular invasiveness and intracellular cytotoxicity. We identified 23
genes whose alteration coincided with enhanced virulence, 11 that were previously
known and 12 (52%) that had no previously described role in S. aureus pathogenic-
ity. Using precision genome editing, transposon mutants, and gene complementa-
tion, we empirically assessed the contributions of individual genes to the two viru-
lence phenotypes. We functionally validated 14 of 21 genes tested as measurably
influencing invasion and/or cytotoxicity, including 8 newly implicated by this study. We
identified inactivating mutations (murA, ndhC, and a hypothetical membrane protein)
and gain-of-function mutations (aroE Thr182lle, yhcF Thr74lle, and Asp486Glu in a hypo-
thetical peptidase) in previously unrecognized S. aureus virulence genes that enhance
pathogenesis when introduced into a clean genetic background, as well as a novel acti-
vating mutation in the known virulence regulator gene saeS (Ala106Thr). Investigation of
potentially epistatic interactions identified a tufA mutation (Ala271Val) that enhances vir-
ulence only in the context of purine operon repressor gene (purR) inactivation. This proj-
ect reveals a functionally diverse range of genes affected by gain- or loss-of-function
mutations that contribute to S. aureus adaptive virulence phenotypes. More generally,
the work establishes artificial selection as a means to determine the genetic mechanisms
underlying complex bacterial phenotypes relevant to adaptation during infection.
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taphylococcus aureus is a prevalent opportunistic pathogen that is associated with 87:¢00884-18, httpsy/doiorg/10.1128/1A

a diverse spectrum of disease (1-4) and is responsible for a high burden of patient 00884-18,
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For example, during acute phases, S. aureus must evade the immune system and
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destroy host cells to enter deep tissue structures, whereas in chronic infection, nutrient
deprivation and lysosomal degradation pose challenges (20). Regulation of virulence
gene expression is thought to facilitate adaptation to host microenvironments over the
short term, as evidenced by rapidly reversible changes associated with persistence as
early as 3 days postinfection (23), but as infection becomes more established, sponta-
neous chromosomal mutations can fix beneficial regulatory patterns or alter the coding
sequences of effector genes (21, 22). Consequently, identifying spontaneous mutations
that go to fixation during infection can illuminate not only genes that are important in
establishing chronic disease, but also those that may be differentially regulated in more
acute phases.

Most studies of the adaptive changes in S. aureus occurring during chronic infection
have focused on specific, previously identified genetic or phenotypic alterations (24—
27). Comparatively little work has examined spontaneous mutations associated with
disease progression on a genome-wide scale. Transposon mutant screens have been
performed to identify genes that influence virulence under various experimental
conditions or in model organisms (28-31), although this approach is unable to identify
gain-of-function mutations and is also subject to artifacts arising from polar effects (32).
More recently, whole-genome sequencing of isolates collected longitudinally during
the course of infection has been conducted (10, 21, 27, 33-35). Although illuminating,
genomic analyses to date have characterized only limited numbers of strains from
patients with particular infection types and do not identify how mutations impact
specific pathogenic processes during infection.

To better characterize the spectrum of spontaneous mutations capable of promot-
ing S. aureus infection and persistence, here, we have employed artificial selection for
virulence phenotypes under defined laboratory conditions, followed by whole-genome
sequencing. We have used this approach to explore chromosomal changes enhancing
S. aureus capacity for intracellular cytotoxicity (18) and intracellular invasion (13-15),
phenotypes relevant to chronic infective states (12, 36). Prior work has identified
multiple staphylococcal factors involved in invasion, including fibronectin-binding
proteins (37, 38), autolysin Atl (39), the lipoprotein-like gene cluster and other cyclo-
modulins (40, 41), and manipulation of host autophagy mechanisms (42). The mecha-
nisms underlying intracellular cytotoxicity are less well understood but may involve the
same cytolytic toxins expressed under the control of the agr, sar, and arl systems (43,
44) that mediate extracellular tissue destruction. The spontaneous mutations that
refine, adapt, augment, and enhance the actions of these factors during the course of
infection are currently unknown. Our work implicates a combination of loss-of-function
and gain-of-function mutations that occur in both known and novel virulence genes
and that involve a variety of cellular and metabolic pathways.

RESULTS

In vitro selection increases S. aureus phenotypes relevant to infection. We
designed separate experiments to enrich spontaneous mutants having increased ca-
pacity for either intracellular invasion or intracellular cytotoxicity (Fig. 1). In brief,
bacteria were serially passaged in the presence of Hela cells using modified gentamicin
protection assays (15, 45, 46), which specifically kill bacteria that are not internalized by
eukaryotic cells. For both assays, Hela cells were incubated with S. aureus for 1h to
allow invasion, followed by application of antibiotics to kill extracellular organisms.
When selecting for intracellular invasion, bacteria were released from Hela cells by
isotonic lysis 3 h after antibiotic exposure. For intracellular-cytotoxicity selection, incu-
bation was extended for 1 to 2 days in antibiotic-free medium that was unable to
sustain staphylococcal growth (47) (see Fig. S1 in the supplemental material), after
which bacteria that had been released into the culture supernatant were collected. The
harvested bacterial populations were briefly expanded by overnight culture in supple-
mented medium (48) that supported growth of auxotrophic strains (22, 49-51), washed
to remove soluble toxins, and then used to infect fresh Hela cells. At the midpoint and
endpoint of passaging, two isolates were picked from each replicate for a total of 24
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FIG 1 Schema of in vitro selection for enhanced-pathogenicity phenotypes. (A) Washed S. aureus bacteria
are combined with cultured Hela cells in antibiotic- and serum-free medium. (B) Brief incubation (1 h)
allows a fraction of the bacteria to invade the Hela cells. (C) Extracellular S. aureus bacteria are killed by the
addition of antibiotics, which are unable to penetrate eukaryotic-cell membranes. (D) For cytotoxicity
selection, the medium is subsequently replaced with antibiotic-free medium and cultures are incubated for
1 to 2 days, allowing intracellular bacteria to replicate and exert cytotoxic effects. (E) Cytotoxic bacteria
rupture host cell membranes and are released into the culture supernatant. The extracellular bacteria are
unable to replicate in the culture medium. (F) Bacteria in the culture supernatant are collected, leaving
behind intracellular organisms. (G) For invasion selection, HelLa cells are subjected to isotonic lysis 3 h after
the application of antibiotics. (H) Bacteria released from host cells are collected. () For both selections,
harvested bacteria are expanded by overnight culture in nutritionally supplemented medium that prevents
reversion of small-colony variants. The cells are washed to remove soluble toxins prior to the next round
of selection.

isolates per selection, and their activity for the desired phenotype was quantitatively
assessed (Fig. 2; see Table S1 in the supplemental material).

By 14 passages under conditions designed to select for enhanced intracellular
invasion, significant (P < 0.012; 2-tailed t test) increases in invasiveness were observed
for 11 of the 12 evolved isolates and, at 24 passages, for all 12 evolved isolates. Average
quantitative measures of invasiveness also increased between midpoint and endpoint
passaging (Fig. 2A), and at a maximum, the invasiveness of selected replicates had
activity exceeding that of the parental strain by a factor of 700.

Selection for intracellular cytotoxicity similarly increased isolates’ activity with pas-
saging. After 10 passages, all 12 isolates demonstrated statistically significant (P <
0.018) increases in quantitative measurements of cytotoxicity. For unclear reasons, this
number dropped to 8 of 12 isolates by 20 passages; however, overall quantitative
measurements of Hela cell death continued to increase (Fig. 2B). Isolates with the
maximum cytotoxicity activity had activity that exceeded that of the parental strain by
a factor of ~1.5.

These selected phenotypes are not necessarily mutually exclusive, as intracellular
cytotoxicity is dependent on prior invasion of host cells by bacteria. To assess this, we
subjected evolved isolates to both virulence assays (see Table S1). Consistent with
phenotypic overlap, evolved isolates tended to demonstrate increased capabilities for
both cytotoxicity and invasion relative to the parental strain regardless of the selection
conditions used (Fig. 2A and B). Nineteen of 24 isolates from cytotoxicity selections
showed significant (P < 0.012; 2-tailed t test) gains in invasiveness, while 20 of 24
isolates selected for invasiveness had elevated intracellular-cytotoxicity activity at the
same significance level. Isolates selected for invasion showed the greatest magnitude
of activity for both of the assayed virulence phenotypes. This finding could exclusively
reflect increased bacterial entry into host cells: indeed, there was a positive correlation
between the intracellular cytotoxicity of individual isolates selected for invasion and
their measured invasiveness (Pearson correlation coefficient = 0.63), but not for isolates
selected for cytotoxicity (Pearson correlation coefficient = —0.084). Despite similarities
in virulence phenotypes, we conclude that the properties and mechanisms of virulence
activity are distinct when comparing isolates from the two selections.

Slow growth is a consequence of evolved invasion, but not cytotoxicity,
phenotypes. The S. aureus small-colony variant (SCV) is a phenotype that is associated
with persistent infection and is characterized by slow growth on most laboratory media
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FIG 2 Virulence phenotypes and growth rates of evolved S. aureus isolates. (A) Average invasiveness of
isolates selected for enhanced-virulence phenotypes. (B) Average cytotoxicities of isolates selected for
enhanced-virulence phenotypes. (C) Average doubling times of isolates selected for enhanced-virulence
phenotypes. (A to C) Measurements were normalized to the parental strain, and isolates were aggregated
by selection type and time of passaging. The reference activity of the wild-type strain (set to 1) is
highlighted on each y axis. The data points correspond to individual strains, the horizontal lines indicate
medians for aggregated groups of strains, and the error bars indicate the SEM for the groups. Note the
log, scale in panel A. Populations that are significantly different (Z test) from the parental strain are
indicated by asterisks: *, P < 0.05; **, P < 0.001.
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(22, 49-51). SCVs often emerge during chronic infection and have a number of adaptive
traits that increase their persistence in the host (22, 49, 50). To determine whether
selected isolates displayed growth deficiencies, we quantified the doubling times of
evolved isolates in rich medium (52) (Fig. 2C; see Table S2 in the supplemental
material). All the strains selected for invasiveness had increased doubling times com-
pared to the unpassaged parental strain (1.65- = 0.18-fold change [average *+ standard
deviation]), representing a significant difference for that group (P = 2.9 X 10719
2-tailed t test). There was no correlation between the degree of intracellular invasion
and an isolate’s doubling time (Pearson correlation coefficient = 0.30), indicating that
enhanced invasion is not a direct consequence of slow growth. There was also no
significant difference in the doubling times seen for isolates taken from midpoint and
endpoint selection (P = 0.58), showing that growth deficiencies did not increase
proportionally to passaging. Strikingly, strains passaged under conditions selecting for
cytotoxicity did not generally display differences in doubling times compared to the
unpassaged progenitor (1.08- = 0.16-fold change; P = 0.26 for the population; 2-tailed
t test).

Although both populations of selected bacteria showed enhanced abilities to
invade host cells (Fig. 2A), these results indicate that a slow-growth phenotype accom-
panies selection for intracellular invasion, but not selection for intracellular cytotoxicity.

Evolved isolates display differences in colony growth and pigmentation. To
directly determine whether any evolved strains displayed an SCV phenotype, we
evaluated them for growth deficiency on blood agar, which is a hallmark of that colony
morphology (51). Consistent with SCVs, 7 of the 48 evolved isolates demonstrated
greatly reduced growth on blood agar relative to the parental strain (see Fig. S2A in the
supplemental material). Two lineages selected for cytotoxicity were affected: both
endpoint passaging isolates from one lineage and both midpoint and endpoint isolates
from the other displayed the phenotype. The final isolate was from endpoint passage
of a replicate selected for invasiveness, whereas the other isolate collected at the time
point was not affected.

We separately assessed the evolved strains for differences in pigment production, a
phenotype more broadly dependent on sigB regulation (53, 54) that contributes to S.
aureus pathogenesis in vivo through promoting bacterial fitness and escape from
neutrophil killing (53, 55), reasoning that the phenotype could be influenced by
mutations involved in other pathways relevant to our selection conditions (56). The
pigmentation of most evolved isolates (41 of 48) matched that of the progenitor, but
phenotypic heterogeneity was observed in seven of the strains (Fig. S2B). Four isolates
selected for intracellular cytotoxicity displayed a high level of pigmentation, all of which
were derived from the same replicate lineage at different time points. An intermediate
level of pigment production was seen in an additional seven isolates derived from four
replicates selected for intracellular survival. In all but one case, both isolates picked
from a replicate had the same intermediate pigmentation phenotype.

We conclude that selection for narrowly defined virulence activities can more
broadly enhance accessory phenotypes that increase S. aureus fitness in a human host.

sigB, but not agrA, expression is selected in evolved isolates. sigB and agr
represent two interrelated global regulatory factors that control phenotypes relevant
to acute infection and intracellular persistence (20, 57-59), where sigB expression is
antagonistic to that of agr (60). Expression of sigB promotes intracellular replication of
S. aureus (57) and accessory phenotypes relevant to persistence during chronic infec-
tion (20). In contrast, the agr locus is thought to be more active during acute infection
(20) and regulates the production of specific cytotoxins (58) and genes participating in
cell internalization (61). To explore a potential role of these regulators in our evolved
isolates, we quantitated their expression using real-time PCR (Fig. 3; see Table S3 in the
supplemental material).

Relative to the parental strain, sigB (Fig. 3A) expression was significantly (P = 0.046;
2-tailed t test) elevated in 20 of 24 isolates selected for cytotoxicity (average 1.65-fold
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FIG 3 Expression of sigB and agrA in evolved S. aureus isolates. Real-time PCR quantitation of sigB (A) and
agrA (B) was normalized to the parental strain, with isolates aggregated by selection type and time of
passaging. The reference activity of the wild-type strain (set to 1) is highlighted on each y axis. The data
points correspond to individual strains, the horizontal lines indicate medians for aggregated groups of
strains, and the error bars indicate SEM for the groups. Note the log, scale in panel B. Populations that
are significantly different (Z test) from the parental strain are indicated by asterisks: *, P < 0.05; **, P <
0.001.

increase; standard error of the mean [SEM], 0.46). In contrast, sigB expression was much
more variable in isolates selected for invasiveness, with only 8 of 24 showing increased
expression at the same significance level (average 1.14-fold increase; SEM, 0.073).
Cytotoxic selection isolates expressed significantly (P = 9.0 X 10~>; 2-tailed t test) more
sigB than those selected for invasiveness. In contrast, expression of the response
regulator gene agrA (62) was more heterogeneous (Fig. 3B), with a wider range of gene
expression levels observed across each discrete population. No statistically significant
differences were observed when comparing agrA expression across separately selected
populations or comparing time points within individual selected populations. Interest-
ingly, there was also no relationship between expression levels of agrA and sigB
(Pearson correlation coefficient = 0.172).

Increased sigB expression in intracellular-cytotoxicity isolates suggests selection for
enhanced intracellular persistence (57), whereas there is no evidence for correlation of
agr expression with either selection scheme. As our experiments were designed to
select and recover spontaneous chromosomal mutants with increased pathogenicity
phenotypes, it was not unexpected that canonical gene-regulatory patterns might be
disrupted by direct mutation of effector genes or subsequent perturbations to regu-
latory feedback loops. Consequently, mutated factors regulated by sigB or agrA may
contribute to pathogenicity phenotypes independently of the expression of higher-
level regulatory factors.

Whole-genome sequencing of selected S. aureus isolates identifies chromo-
somal mutations. Diversity in quantitative virulence phenotypes among different
selected replicates suggests contributions of multiple, nonredundant genes that addi-
tively confer those traits. In order to define the range of spontaneous coding mutations
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that contribute to virulence phenotypes, we performed whole-genome sequencing of
evolved isolates.

An average of 2.7 coding mutations (range, 1 to 5) were identified per strain (see
Table S4 in the supplemental material). A total of 23 genes were mutated across
evolved isolates compared to the parent (Table 1). Sixteen genes were mutated
exclusively during selection for intracellular invasion, 9 were found during selection for
intracellular cytotoxicity, and 3 were mutated under both conditions. Thus, despite
superficial similarities in the virulence phenotypes of the evolved isolates (Fig. 2A and
B), the two selections resulted in largely nonoverlapping mutations.

Of the genes recovered, 11 (48%) have documented roles in S. aureus virulence and
pathogenesis, whereas the remaining 12 (52%) are newly implicated by our selection.
Two genes have no previously documented function and are only predicted: for the
purposes of this study, we have arbitrarily designated these genes unnamedA and
unnamedB.

Directed inactivating lesions identify loss-of-function mutations contributing
to pathogenicity phenotypes. It has been reported that the majority of mutations
arising during in-host evolution in S. aureus inactivate protein function (34). To assess
genes identified by our selection, we therefore initially generated isogenic single-gene
nonpolar deletions using recombineering and CRISPR (clustered regularly interspaced
short palindromic repeat)/Cas9-mediated counterselection (63) or obtained bursa au-
realis transposon mutants constructed in a different strain background (JE2) (64) when
this strategy was unsuccessful. Two genes (mnhA and tufA) could not be constructed as
nonpolar deletions, but strains were engineered to carry the specific missense muta-
tions resulting from selection. Integrating these strategies, 21 of the 23 genes impli-
cated by selection could be further studied, with only epsC and pheT recalcitrant to
modification. We assessed the virulence phenotypes of each single-gene mutant strain
compared to the unmodified parental strain (Fig. 4; see Table S5 in the supplemental
material).

When disrupted, eight genes (qoxD, menD, murA, ndhC, purR, ebh, sdrC, and un-
namedB) conferred a statistically significant increase in the virulence phenotype under
which the mutation had been selected and, in some cases, both of the assayed
virulence phenotypes. Because intracellular cytotoxicity is dependent on prior cellular
entry by bacteria, it is expected that a gene’s increasing invasiveness could additionally
enhance cytotoxicity: this pattern was observed for five of the eight mutants (goxD,
ndhC, purR, sdrC, and unnamedB). Evolved isolates carried a variety of missense and
nonsense mutations in these genes, suggesting that the phenotypic changes associ-
ated with those mutations result from loss of function.

Despite being recovered as nonsense mutations in evolved isolates, disruption of
three genes (menF, srrA, and ypfH) failed to confer an increase in either assayed
virulence phenotype. Five other genes affected by missense mutations did not increase
virulence when constructed as nonpolar single-gene deletions (aroE, saeS, nupC, yhcF,
and unnamedA). Isogenic missense mutation of tufA (Ala271Val) and mnhA (Ala722Thr)
also failed to increase either virulence phenotype.

Three gene disruption mutants (brnQ2, ctaB, and ubiE) did not increase the expected
virulence phenotypes but unexpectedly showed enhancement of the virulence phe-
notype for which strains bearing the gene mutations had not been selected.

The change in virulence activity seen with any singular isogenic mutant was
considerably less than the maximal levels observed for evolved strains (Fig. 2), partic-
ularly for the cytotoxicity phenotype, suggesting that contributory mutations exert a
synergistic effect.

Complementation studies identify gain-of-function mutations contributing to
pathogenicity phenotypes. Genes targeted for disruption that failed to confer an
increase in the expected virulence phenotype and that accumulated missense muta-
tions during selection (ctaB, unnamedA, saeS, nupC, yhcF, aroE, and brnQ2) may exert
effects through gain of function. To test this possibility, we performed complementa-
tion studies after mobilizing wild-type and mutant genes onto plasmids under the
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control of their native promoters. The plasmids were reintroduced into the appropriate
deletion strains, and their virulence activities were measured.

Testing did not identify any mutant-complemented strains that showed increased
cytotoxicity relative to those complemented with the wild-type allele, including the two
mutations selected during cytotoxicity passaging (ctaB and aroE). However, invasion
assays revealed that five mutations (ctaB Thr222lle, aroE Thr182lle, saeS Ala106Thr,
unnamedA Asp486Glu, and yhcF Thr74lle) conferred significant increases in pathoge-
nicity compared to matched controls (Fig. 5; see Table S6 in the supplemental material).
For ctaB, increased invasiveness was also seen for the corresponding nonpolar deletion
mutant, indicating that the allele carries a loss-of-function mutation. Nonpolar deletion
of the other four genes resulted in reduced invasiveness, showing that these mutant
alleles confer gain-of-function effects that promote invasiveness.

Potential for epistatic interactions governing virulence phenotypes. Some
mutations that failed to yield measurable phenotypes when introduced as single
changes may reflect epistatic interactions (65). To explore this possibility, we selected
one such mutation, tufA Ala271Val, for further analysis. tufA Ala271Val was observed in
four isolates from two separate replicates selected for invasiveness, but in each case, it
occurred in the context of an inactivating purR mutation. We therefore constructed an
isogenic double mutant containing both of the mutations (tufA Ala271Val and ApurR)
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that are significantly different (by 2-tailed t test) than those of the wild-type-complemented strain are
indicated by asterisks: *, P < 0.04; **, P < 0.001.

and tested its invasiveness relative to mutants carrying each of the mutations in
isolation.

Consistent with our earlier results (Fig. 4), the tufA mutant showed reduced inva-
siveness relative to the wild-type strain, whereas the ApurR strain had an elevated
capacity (Fig. 6; see Table S7 in the supplemental material). Remarkably, when both
mutations were present in the same background, invasiveness was significantly in-
creased over that of the wild-type strain and the ApurR strain alone. These findings
indicate that the tufA Ala271Val mutation functions as a virulence-enhancing mutation
but that it is epistatic to purR inactivation.

DISCUSSION

Despite the importance of genome evolution in promoting chronic S. aureus infec-
tion and persistence, knowledge of the adaptive changes that the organism acquires
during pathogenesis in the host remains critically lacking in multiple respects (16, 20).
To provide a well-controlled framework for investigating the range and scope of these
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FIG 6 Epistatic interactions influence virulence phenotypes. Intracellular invasion of single- and double-
mutant strains of ATCC 29213 relative to the parental strain are displayed. The reference activity of the
wild-type parent (set to 1) is highlighted separately on the y axis. The error bars indicate SEM. The
statistical significance of comparisons is shown by asterisks: *, P < 0.03; **, P < 0.001 (2-tailed t test).
The red asterisks indicate statistical comparison to the parental strain; the black asterisks correspond to
comparisons between different mutant strains.
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genomic changes, here, we employed a strategy of in vitro selection and whole-
genome characterization to identify and subsequently functionally validate genes
responsible for two virulence phenotypes, mammalian-cell invasion and intracellular
cytotoxicity, that are relevant to chronic infection.

In addition to enhanced-virulence phenotypes (Fig. 2A and B), evolved isolates
showed marked differences in growth rates (Fig. 2C) and pigmentation (see Fig. S1B),
revealing that secondary consequences relevant to pathogenicity also resulted from
selection. Of note, seven isolates recovered across the selections (15%) had evolved an
SCV phenotype (see Fig. S2A), all of which carried mutations in menD (12) (see Table S4),
showing that passaging recapitulated an important S. aureus colony phenotype arising
during infection in vivo (20, 49, 66, 67). Despite some phenotypic overlap in the
virulence phenotypes of strains resulting from different selections, the correlation
between invasiveness and cytotoxicity was markedly different among isolates resulting
from the two selections, as were the majority of gene mutations that they carried,
indicating that separate features were advantageous during passaging.

Whole-genome sequencing implicated 23 genes whose mutation correlated with
increased virulence in selected strains (Table 1), only 11 of which (48%) have previously
been reported as having roles in S. aureus virulence. The virulence functions of six of
these known genes could be validated through genetic studies (Fig. 4 and 5), but even
so, our findings reveal new modes of action and virulence effects.

Disruption of purR, the repressor for the purine biosynthetic operon, was selected
under both conditions (Table 1) and resulted in enhanced invasion and intracellular
cytotoxicity as an isogenic deletion mutant (see Table S5). Transposon mutagenesis
experiments have indicated that purine biosynthesis is necessary to achieve full viru-
lence in S. aureus (29, 30, 68) and other organisms (69-71). Our results support a
complementary model, in that upregulated purine biosynthetic capacity actually en-
hances S. aureus virulence.

saeS is a well-characterized sensor histidine kinase gene involved in the regulation
of many virulence factors present in the S. aureus genome, and substitution mutations
in the gene are known to alter larger gene expression patterns (72). Intriguingly, 16 of
the 24 strains selected for infectivity in our study carried identical, previously unre-
ported nonsynonymous mutations in saeS (Ala106Thr), making this the most common
recurrent point mutation identified in our study. Complementation experiments re-
vealed that saeS Ala106Thr significantly enhanced invasiveness relative to the wild-type
allele, thereby confirming a gain-of-function effect. There are three previously reported
variants of sae$S (72), at least one of which contains a constitutively activating mutation
(Leu18Pro) that has been found to increase invasiveness (73, 74). The mutation iden-
tified by our work affects the HAMP domain, which is a motif often involved in signal
transduction (75) and is a different region of the protein than those altered in
previously reported mutants.

menD is a key gene in the menaquinone biosynthesis pathway, and mutations in
menD are often observed in clinical SCV isolates (33, 51). Nonsense mutations of menD
in our study resulted from intracellular-cytotoxicity selection, while one isolate from
invasiveness selections uniquely carried a missense mutation in the gene. Directed
menD deletion mutants have been reported as having variable effects on virulence,
with prior work showing unaltered infectivity in a rabbit endocarditis model (76) but
reduced virulence in a Caenorhabditis elegans infection model (77). Here, menD trans-
poson mutagenesis measurably increased intracellular cytotoxicity without impacting
invasiveness, more consistent with rabbit models (76).

ebh encodes a large (~1,000-residue) membrane protein (78). Stable SCVs signifi-
cantly upregulate expression of the gene (79), and mutation of ebh has previously been
shown to reduce complement resistance and virulence in mice (78). Here, disruption of
ebh increased both invasiveness and cytotoxicity, suggesting that in vivo attenuation of
ebh mutants may reflect higher rates of complement-induced bacterial death (78)
rather than reduced pathogenicity per se. Mutations in ebh may consequently promote
resistance in specific host microenvironments.
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S. aureus mutants with deficiencies in heme biosynthesis demonstrate an SCV
phenotype with increased intracellular persistence (80), and two genes involving heme
usage and having known impact on virulence were similarly identified as loss-of-
function mutations in our work. First, the protoheme IX farnesyltransferase gene ctaB
is involved in heme biosynthesis and is utilized by S. aureus when it is unable to
scavenge the metabolite from a host (56). Prior work has demonstrated that ctaB
deletion attenuates growth and virulence in mouse infection models but enhances the
growth of persister cells and the production of pigment (56). In our study, inactivating
ctaB mutation resulted from passaging for cytotoxicity, but loss of the gene increased
invasiveness without affecting the selected phenotype, suggesting that ctaB mutation
indirectly contributes to cytotoxicity phenotypes through increased intracellular inva-
sion. Second, goxD (cyoD) encodes a subunit of quinol oxidase, one of two oxidase
systems present in S. aureus that support aerobic respiration (81) and also appear to
protect against heme toxicity (82). gox is itself heme dependent and incorporates heme
A generated by the action of ctaB (56). Although inactivating goxD mutations have not
been previously investigated, it is expected that their functional effects will mimic loss
of other gox subunits in that they all should destabilize the protein complex. It is known
that loss of goxB results in reduced growth under aerobic conditions, as well as
organ-specific reduction of colonization in murine systemic-infection models (81, 83).
Mutation of gqoxD in our study occurred during selection for invasion; however, non-
polar deletion of the gene resulted in enhanced invasiveness and intracellular cytotox-
icity. Given their attenuated phenotypes in vivo (56, 81, 83), it was somewhat unex-
pected that nonpolar deletion of ctaB and goxD produced mutants with enhanced,
rather than reduced, pathogenicity phenotypes. Our findings suggest that prior in vivo
results (56, 81, 83) likely reflect decreased overall fitness and survival in the host and
that mutations of these genes could nevertheless promote virulence in particular host
microenvironments.

Lastly, the adhesin gene sdrC is thought to be involved in host colonization (84). The
gene is upregulated during invasive S. aureus infection, and its disruption attenuates
disease in vivo (84, 85). However, like goxD and ebh, disruption of sdrC in our study
paradoxically resulted in increased invasiveness and intracellular cytotoxicity, suggest-
ing again that in vivo attenuation results from a secondary effect unrelated to these
virulence traits.

Beyond these known virulence contributors, our study has newly implicated 12
genes whose mutation accompanies enhanced pathogenicity phenotypes. We have
empirically determined that mutation of eight such genes carries a quantifiable con-
tribution to defined virulence traits in S. aureus (Fig. 4 and 6):

The shikimate dehydrogenase gene arof is considered a housekeeping gene in S.
aureus (86). Several different pathogenic organisms with deficiencies in shikimic acid
biosynthesis are known to be attenuated, likely reflecting auxotrophy (87, 88), and
isogenic nonpolar deletion of aroE similarly decreased S. aureus invasiveness in our
study. Nevertheless, complementation utilizing the arof Thr182lle mutant significantly
increased invasiveness, indicating that the gene not only is required for full virulence
in wild-type S. aureus, but can also act as a virulence-enhancing factor through
gain-of-function mutation, possibly by increasing the availability of limiting metabolites
(87, 88). Mutation of aroE was selected during passaging for intracellular cytotoxicity
but affected only invasiveness, suggesting that it indirectly contributes to cytotoxicity
by increasing the burden of intracellular bacteria.

ndhC encodes an NADH-menaquinone oxidoreductase (89, 90) that was found in our
study to enhance invasion and decrease cytotoxicity when inactivated. Chemically
reduced menaquinone increases the action of srrAB (91), with consequent reduction of
virulence gene expression and other metabolic changes (91, 92). The augmented-
virulence phenotypes observed with loss of ndhC may therefore be mediated indirectly
through the amount of reduced menaquinone interacting with the known virulence
factor genes srrAB.

The S-adenosylmethionine:2-DMK methyltransferase gene ubiE is responsible for
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catalyzing the final step of menaquinone biosynthesis (82), and nonpolar deletion of
the gene in our study imparted increased invasiveness. Deletion of ubiE has previously
been shown to impact neither colony growth rates nor resistance to heme toxicity
resulting from superoxide production (82), making its contribution to virulence in this
work unclear. We note that intermediates of menaquinone biosynthesis are required for
intracellular pathogenesis of Listeria monocytogenes (93), and it is possible that ubiE
mutation results in a buildup of these metabolites and thereby promotes intracellular
pathogenesis of S. aureus.

A gain-of-function mutation in the GntR family transcriptional regulator gene yhcF
increased strain invasiveness, potentially by affecting diverse transcriptional changes
within S. aureus. yhcF is known to influence antibiotic resistance in Bacillus subtilis (94,
95), but its regulatory role in S. aureus has not yet been explored and appears to extend
across other traits.

murA encodes one of two functionally redundant UDP-N-acetylglucosamine enol-
pyruvyl transferase genes present in Gram-positive organisms, which catalyze the initial
step of cell wall biosynthesis (96). Its deletion has been shown to significantly reduce
cell peptidoglycan content (96). In L. monocytogenes, murA is required for full virulence
in vivo, while its loss has not been found to impact infection rates in cell culture models
(97, 98). The role of murA in S. aureus pathogenesis appears to be somewhat different.
Mutation of the gene was selected under conditions promoting cytotoxicity, and its
nonpolar deletion elevates intracellular cytotoxicity while negatively impacting inva-
siveness in a cell culture model. The mechanism by which this effect occurs is presently
unclear.

The elongation factor tufA is considered a housekeeping gene, but screens of
transposon libraries have previously shown that the gene is necessary for maximal host
cell invasion in Pseudomonas aeruginosa (99). In our work, selection for invasion
recovered a point mutation in tufA (Ala271Val) that, when engineered in an isogenic
strain, reduced invasiveness. In exploring possible epistasis effects, we found that tufA
Ala271Val was able to enhance invasiveness in a background where purR had been
inactivated (Fig. 6). The functional mechanism of this mutation and its relationship to
purine metabolism are unclear.

Excitingly, two genes uncovered by our study that were functionally validated have
no previously defined functions. We have arbitrarily designated these genes unnamedA
and unnamedB. The unnamedA gene encodes a hypothetical peptidase that increased
invasiveness when carrying an Asp486Glu gain-of-function mutation. The unnamedB
gene, encoding a hypothetical membrane protein, was subjected to nonsense muta-
tions during selection for invasion and increased both invasiveness and cytotoxicity
phenotypes when constructed as an isogenic nonpolar deletion. By BLAST (100) search,
both the unnamedA and unnamedB genes can be identified in a large number of S.
aureus genomes, suggesting that they are broadly distributed across S. aureus lineages.
These genes are worthy of further characterization in future studies.

Six other mutated genes (ypfH, srrA, menF, brnQ2, mnhA, and nup(C) did not mea-
surably increase the expected pathogenesis phenotype when produced as isogenic
mutants or in complementation experiments using specific missense mutations (where
such testing was appropriate). This does not discount mutations in these genes as
contributors to virulence. Indeed, several encode known virulence factors (Table 1), and
our data show that their intact function is necessary for full virulence in S. aureus (Fig.
4). The failure of these genes to be validated in our experiments may indicate depen-
dence on concordant cellular signaling events or genetic epistasis (65), as we have
demonstrated for the tufA Ala271Val mutation (Fig. 6). Dependence on accessory
factors is also supported by the identification of gene mutations that specifically
enhanced a virulence effect for which those mutations had not been selected (Fig. 4).
In light of these observations, the interrelatedness of virulence-modifying genes and
mutations may prove to be extensive and their contributions to pathogenesis to be
multifactorial (65). Alternatively, it has been reported that gentamicin is able to
undergo limited diffusion across eukaryotic membranes under certain conditions (101,

April 2019 Volume 87 Issue 4 e00884-18

Infection and Immunity

jaiasm.org 13


https://iai.asm.org

McLean et al.

102), and it is possible that the action of the antibiotic on internalized bacteria could
have impacted our results by selecting for increased resistance or by inducing SCV
formation (103). We view this possibility as less likely, however, given both the limited
temporal exposure of cell culture models to antibiotics and the finding that most
individual genes implicated by our study could be experimentally validated as virulence
factors conferring relevant phenotypes.

In summary, our study utilized artificial selection as a means to explore genetic
mechanisms underlying defined virulence activities relevant to adaptation during
infection of the host. We found that even an innocuous laboratory S. aureus strain had
the potential to greatly enhance relative virulence activity through the accumulation of
spontaneous chromosomal mutations. Analysis of these mutations identified known
and previously undescribed genes that contribute to pathogenic phenotypes in S.
aureus, with effector mutations spanning both loss-of-function and gain-of-function
effects. In addition to enhancing understanding of the mechanisms by which these
mutations exert an impact on virulence, future work will seek to further define epistatic
interactions that may govern complex virulence phenotypes in S. aureus.

MATERIALS AND METHODS

Bacterial strains and plasmids. S. aureus strain ATCC 29213 was from the American Type Culture
Collection. Strain JE2 and JE2 transposon mutants (menD, NR-47887; ndhC, NR-48426; sdrC, NR-46975;
and ebh, NR-46544) and plasmids pCN50 (104) and pCN33 (104) were from the Biodefense and Emerging
Infections Research Resources Repository (BEI Resources). Plasmids for conditional recombineering and
CRISPR/Cas9 counterselection have been previously described, as have nonpolar deletion mutants of
arok, saes (i.e., baeS), qoxD (i.e., cyoD), nupC, purR, ypfH, and yhcF in ATCC 29213, created using that
system (63).

Artificial selection for virulence phenotypes. For both selections, bacteria were expanded over-
night in sup-MH broth (48) and washed twice in Dulbecco’s phosphate-buffered saline (DPBS) (Difco) to
remove soluble toxins, and cell density was assessed by optical density at 600 nm (ODg,). Six replicates
were independently passaged in parallel for each of the two selections. Selections were performed at
37°C with 5% atmospheric CO,.

Selection for invasiveness was based on previously described gentamicin protection assays (18, 46).
Briefly, bacteria were combined with cultured Hela cells at a multiplicity of infection (MOI) of 100 in
serum-free minimal essential medium (MEM) without glucose (Difco) for 1 h. The medium was then
replaced with MEM containing 100 ug/ml gentamicin (Gibco) and 10 wg/ml lysostaphin (Sigma) for
30 min, after which MEM containing 100 ug/ml gentamicin alone was applied for 3 h. The cells were then
washed with DPBS and lysed with water containing 0.025% Triton X-100 (Sigma), and the lysate was
transferred to sup-MH for overnight expansion prior to the next passage.

Selection for cytotoxicity followed the invasiveness selection protocol with several modifications.
After removal of gentamicin/lysostaphin medium, the medium was replaced with serum-free MEM
without glucose, and the cells were incubated for an additional 24 h (for an MOI of 10) to 48 h (for an
MOI of 100). After incubation, the culture supernatant was collected, washed in DPBS, and inoculated
into sup-MH for overnight expansion prior to the next passage. As the bacteria became more cytotoxic
with increased passaging, it was necessary to reduce the MOI over time to prevent all the host cells from
being lysed during infection while maintaining selective pressure for mutants with increased cytotoxic
capability. Consequently, for the first 10 passages, an MOI of 100 was used, after which the MOI was
reduced to 10.

Real-time PCR. RNA was extracted from mid-log-phase cultures using the Qiagen RNeasy Protect
Bacteria Mini kit protocols 4 and 7 with the substitution of 100 ug/ml lysostaphin instead of lysozyme.
RNA was then converted to cDNA using the Promega ImProm Il reverse transcription system. Primers for
amplification of the 16S rRNA gene (105), agrA (106), and sigB (106) have been previously described (see
Table S8 in the supplemental material). All real-time PCRs were performed on a ViiA7 system (Thermo
Fisher) at least in triplicate, with specimens internally normalized to 16S rRNA expression. Relative
quantitation of each factor was determined with respect to the parental strain.

Genome sequencing and analysis. Whole-genome sequencing of evolved isolates (named “Cyto”
for cytotoxicity selections and “Intra” for invasiveness selections) was performed as described previously
(107). Sequence reads were mapped to the S. aureus strain 502 A reference genome (GenBank accession
no. CP007454.1), which we determined to be the reference genome most closely matched to our
parental strain, as before (107). Variant calling was performed as described previously (108). Common
gene names were established by performing BLAST-P (100) searches restricted to S. aureus sequences in
order to distinguish named genes from other strains having identical protein sequences.

Measurements of isolate virulence phenotypes and growth rates. Quantitative invasiveness
assays were performed following the protocols used for selection, with the exception that serial dilutions
of the initial cell inoculum and the cell lysate were plated onto sup-MH medium to quantitate the fraction
of successfully internalized cells. Invasiveness was calculated as the ratio of internalized bacteria to total
inoculated bacteria.
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Quantitative cytotoxicity assays were also performed following the protocols employed for selection,

except that gentamicin/lysostaphin medium was not removed in order to kill any bacterial cells released
into the medium and to therefore prevent reinfection. After 24 h of incubation, the number of viable cells
was determined using a Cell Counting Kit-8 (Dojindo Molecular Technologies). Intracellular cytotoxicity
was expressed as the fraction of lysed cells relative to that measured for the parental strain.

To account for variability inherent in cell culture invasion assays (109), all quantitative virulence

measurements were performed at least in triplicate and normalized to paired controls run at the same
time utilizing the parental strain.

infusion (BHI) broth (Difco) (52), with experiments performed at least in triplicate.

Growth rates were monitored by absorbance at OD,, during incubation at 37°C in brain heart

Qualitative pigmentation and blood agar growth phenotypes were assessed by spotting 1-ul

overnight cultures diluted to ~1.3 X 10 CFU/ml onto BBL TSA Il 5% sheep blood agar (Becton,
Dickinson).

Construction of isogenic mutant strains. Isogenic single and double mutants were constructed

using conditional recombineering and CRISPR/Cas9-mediated counterselection, as previously described
(63). Mutagenic recombineering and counterselection oligonucleotides are listed in Table S8 and were
synthesized by IDT. All strains were cured of genomic-engineering plasmids prior to use (63).

Complementation experiments. The cloning primers (IDT, Coralville, I1A) are summarized in Table

S8. The transcriptional terminator of pCN50 was amplified and cloned into pCN33, which can be
maintained stably in the absence of antibiotic selection (104), to make the vector pCN33TT. Wild-type
and mutant genes were subsequently amplified and cloned into this vector. The entire sae operon (110)
was cloned in order to evaluate saeS mutant function, but for other genes, ~1 kb of upstream flanking
sequence was included to capture the native regulatory elements. Complementation experiments were
performed in ATCC 29213 mutants carrying the appropriate single-gene deletion. Vectors were intro-

duced into recipient S. aureus strains by electroporation as previously described (63).
Data availability. Sequence data generated for this study have been submitted to the NCBI

Sequence Read Archive (SRA) under accession no. SRP157935.
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